Activities catalyzing the synthesis and degradation of fructose 2,6-bisphosphate-6-phosphofructo-2-kinase (ATP:D-fructose-6-phosphate-2-phosphotransferase, EC 2.7.1.105) and fructose-2,6-bisphosphatase (D-fructose-2,6-bisphosphate 2-phosphohydrolase, EC 3.1.3.46)-were isolated from spinach leaves by an improved procedure and separated on the basis of both charge and molecular weight. The separated activities showed no detectable cross-contamination, indicating, in contrast to all previous data, that they are not present on a single bifunctional protein of the classical type in liver. The fructose-2,6-bisphosphatase-a newly discovered phosphatase enzyme-differed from previous mixed preparations by showing greater specificity but lower affinity for fructose 2,6-bisphosphate, greater sensitivity to inhibition by inorganic phosphate, and in being sensitive to inhibition by Mg2 . The 6-phosphofructo-2-kinase was found to be inhibited by low levels of inorganic pyrophosphate and, in addition, to be regulated by the metabolites described previously. Similar results were obtained with preparations from lettuce leaves. The results support the view that, through individual regulation of the activities catalyzing its synthesis and breakdown, cytosolic metabolites are key factors in controlling the fructose
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Fructose 2,6-bisphosphate (Fru-2,6-P2), a regulatory metabolite localized in the cytosol of leaf cells, plays a central role in the coordination of starch synthesis taking place in the chloroplast and sucrose synthesis and breakdown taking place in the cytosol (1) (2) (3) . The concentration of Fru-2,6-P2 is defined by the activities responsible for its synthesis and hydrolysis-namely, 6-phosphofructo-2-kinase (6-PFru-2-K; ATP:D-fructose-6-phosphate 2-phosphotransferase, EC 2.7.1.105) (Eq. 1) and fructose 2,6-bisphosphatase (Fru-2,6-P2ase; D-fructose-2,6-bisphosphate 2-phosphohydrolase, EC 3.1.3.46) (Eq. 2), 6 -PFru-2-K fructose 6-phosphate + ATP : fructose 2,6-bisphosphate + ADP, [1] fructose 2,6-bisphosphate + H20 r2P fructose 6-phosphate + Pi. [2] Previous reports have demonstrated the presence of these activities in leaves (4) (5) (6) (7) (8) as well as sink tissues (9) (10) (11) and elucidated their regulation by key metabolites of the glycolytic and gluconeogenic pathways. In the earlier studies, 6-PFru-2-K and Fru-2,6-P2ase cochromatographed through several steps ofpurification, and it was suggested that the two activities may reside on a single protein, as has been shown for the bifunctional enzyme from liver and certain other mammalian tissues (12) (13) (14) (15) . In pursuing the further purification of these activities from leaves, we discovered that, contrary to our earlier conclusion, they can be separated from each other.
By using an improved preparative procedure, 6-PFru-2-K and Fru-2,6-P2ase from spinach and lettuce leaves were separated both on the basis of molecular weight and charge. The isolated Fru-2,6-P2ase, the first such enzyme to be described from plant or animal tissues, was highly specific for Fru-2,6-P2 and subject to strong inhibition by inorganic phosphate (Pi) and Mg2+. The isolated 6-PFru-2-K was found to be sensitive to inhibition by inorganic pyrophosphate (PPi) and to show other properties qualitatively similar to those reported earlier for mixed preparations.
MATERIALS AND METHODS Materials. Spinach (Spinacea oleracea var. Hipack) was grown in hydroponic culture in a greenhouse. Lettuce (Lactuca sativa cv. Romaine) was purchased at a local market. DEAE (DE-52)-cellulose was obtained from Whatman. All other reagents were from Sigma.
Enzyme Purification. Buffers were adjusted to the indicated pH at room temperature. All procedures were carried out at 40C unless otherwise stated. Spinach leaves (20 g ) were washed and then homogenized in 40 ml of 20 mM Tris HCl, pH 7.8/0.1% 2-mercaptoethanol/10% (vol/vol) glycerol (buffer A) supplemented with (i) protease inhibitors, 0.5 mM phenylmethylsulfonyl fluoride, 2 mM E-amino n-caproic acid, and 2 mM benzamidine hydrochloride; and (ii) protectants against oxidative degradation, 20 mM sodium diethyldithiocarbamate, and 1.5% (wt/vol) insoluble polyvinylpolypyrrolidone. The homogenate was filtered through four layers of cheesecloth and the filtrate was centrifuged for 20 min at 30,000 x g. The supernatant fraction was applied to a 1.6 x 15 cm DE-52 column equilibrated with buffer A. The column was washed with buffer A (35 ml) and then eluted with a linear gradient of 0-0.4 M KCl in buffer A (total vol, 150 ml).
Fractions showing the highest 6-PFru-2-K and Fru-2,6-P2ase activities, which usually migrated together at this stage, were pooled and concentrated by dialysis against 50% (vol/vol) glycerol in buffer A. The purification was continued at room temperature using a Pharmacia fast protein liquid chromatography system (FPLC). The DE-52 fraction was diluted with an equal volume of buffer A and applied to a Mono Q (anion exchange) column (HR 10/5). The column was washed with 5 ml of buffer A and then eluted with a linear 0-0.4 M KCl gradient (25 ml) at a flow rate of 1 ml/min. Fractions enriched in 6-PFru-2-K and Fru-2,6-P2ase were pooled separately and concentrated by dialysis as described above. The concentrated fractions were rechromatographed on a Mono
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Proc. Natl. Acad. Sci. USA 84 (1987) 2743 Q column that was developed as described above, except with buffer A at pH 7.0 and with a 30-ml gradient. Alternatively, 0.5-ml samples of the enriched fractions were chromatographed on a Superose-12 (HR10/15) gel filtration column. The elution of the Superose column was done with 30 ml of buffer A supplemented with 0.15 M KCl at a flow rate of 0.5 ml/min. Enzyme Assays. 6-PFru-2-K was assayed by measuring the formation of Fru-2,6-P2 as described (4, 10) . The reaction mixture (0.1 ml) contained 100 mM Tris HCl (pH 7.3), 5 mM Pi, 1 mM ATP, 5 mM fructose 6-phosphate (Fru-6-P), and 5 mM MgCl2. The protein content of the sample (5-20 41.) added ranged from 50 jig for assay of the DE-52 fraction to 10 ug for assay of the Superose-12 purified enzyme.
Fru-2,6-P2ase was assayed either spectrophotometrically by measuring Fru-6-P production in a coupled enzyme assay or in a bioassay in which Fru-2,6-P2 disappearance is determined enzymically by following the activation of pyrophosphate-fructose-6-phosphate 1-phosphotransferase (pyrophosphate:D-fructose-6-phosphate 1-phosphotransferase, EC 2.7.1.90) (5, 6) . The spectrophotometric assay (0.5 ml) contained 100 mM Tris HCl (pH 7.3), 2.5 mM MgCl2 (unless indicated otherwise), 0.1 unit of hexosephosphate isomerase (glucose-6-phosphate isomerase; D-glucose-6-phosphate ketol-isomerase, EC 5.3.1.9), 0.2 unit of glucose-6-phosphate dehydrogenase (D-glucose-6-phosphate:NADP+ 1-oxidoreductase, EC 1.1. 1.49), 0.5 mM NADP, and 10 ,uM Fru-2,6-P2.
The change in absorbance at 340 nm was followed at 25°C in a Sigma ZFP22 dual wavelength filter photometer. The bioassay was performed as described with 0.1 ,uM Fru-2,6-P2 as substrate (5) . The protein content of the sample (10-50 ,ul) added for both assay procedures ranged from 100 ,ug for the DE-52 fraction to 2 ,ug for the Superose-12 purified enzyme.
Assay of Pi release from a variety of sugar phosphates was performed as described (16) in a reaction mixture (0.5 ml) containing 25 mM Tris HCl (pH 7.3), 2.5 mM MgCl2, and 1 mM sugar phosphate. After an incubation of up to 30 min at room temperature, the Pi released was measured by the method of Chen (17) . Protein was determined by the method of Bradford (18) .
Localization of Fru-2,6-P2ase. Equal amounts of protein from a whole leaf homogenate and from a particulate fraction prepared in the presence of osmoticum (19) were chromatographed separately on DE-52 as described above and the fractions were assayed for Fru-2,6-P2ase by the spectrophotometric method.
RESULTS AND DISCUSSION
Effect of Protectants. By following our earlier procedure, >90% of the 6-PFru-2-K activity initially present in crude spinach leaf extracts was recovered from the DE-52 column in a single peak eluting at =0.2 M KCl. This peak also contained Fru-2,6-P2ase activity, as measured by the disappearance of Fru-2,6-P2 in the bioassay. When the DE-52 fraction was further purified on an FPLC Mono Q column, we observed the appearance of two well-resolved peaks that usually showed roughly equal 6-PFru-2-K activity. This finding led us to suspect that the enzyme could be undergoing change during purification. We therefore introduced into the extraction buffer protectants against both proteolysis (phenylmethylsulfonyl fluoride, amino caproic acid, and benzamidine) and oxidation (polyvinylpolypyrrolidone and diethyldithiocarbamate) (see Materials and Methods). The results showed that the presence of the protectants, while having little effect on the yield of activity, greatly reduced and in some preparations eliminated the appearance of the first 6-PFru-2-K peak, eluting at 0.17 M KCl (Fig. 1) . All subsequent preparations were therefore made in the presence of protectants and the second peak, eluting at 0.29 M KCl, was used as the source of enzyme. It should be noted that, in preparations made in the absence of protectants, the first peak of activity was 2-to 3-fold more strongly activated by
Pi than the second peak (data not shown). Other regulatory properties of the two peaks were similar-i.e., inhibition by 3-phosphoglycerate, dihydroxyacetone phosphate and PPi, and activation by Fru-6-P in the presence of 3-phosphoglycerate or dihydroxyacetone phosphate. Separation of 6-PFru-2-K and Fru-2,6-P2ase. While the addition of protectants was shown to result in one major form of 6-PFru-2-K, the question arises as to the fate of the Fru-2,6-P2ase activity under these conditions. In an independent experiment, we therefore assayed both 6-PFru-2-K and Fru-2,6-P2ase in a preparation made with protectants as in Fig. 1 . Here, we assayed both activities in fractions from an FPLC Mono Q column and, because of its greater specificity and simplicity, we used the spectrophotometric assay for Fru-2,6-P2ase. Unexpectedly, the peak of the Fru-2,6-P2ase activity was clearly separated from that of 6-PFru-2-K (Fig.  2) . These results constituted our first evidence that 6-PFru-2-K and Fru-2,6-P2ase might be separate proteins. In an attempt to improve their resolution, the fractions enriched in 6-PFru-2-K and Fru-2,6-P2ase from Fig. 2 , were rechromatographed on the same Mono Q column developed under slightly different conditions (see Materials and Methods). In this way, we obtained fractions that showed exclusively 6-PFru-2-K or Fru-2,6-P2ase activity (Fig. 3) . The stability of the two activities was also found to differ at this point. The recovery of Fru-2,6-P2ase activity from each purification step was >85%, whereas that of the 6-PFru-2-K was r45%. This was another indication that the two activities may reside on separate proteins. The substantial fructose-1,6-bisphosphatase (D-fructose-1,6-bisphosphate 1-phosphohydrolase, EC 3.1.3.11) activity in spinach leaf extracts was clearly separated from the Fru-2,6-P2ase by this procedure (data not shown).
Further evidence that the activities synthesizing and degrading Fru-2,6-P2 were separable was obtained by using gel filtration. As shown in Fig. 4 , 6-PFru-2-K and Fru-2,6-P2ase previously separated on an FPLC Mono Q column eluted quite differently from a Superose-12 column. Based on their elution from Superose-12, the estimated apparent molecular weights were 97,000 for Fru-2,6-P2ase and 400,000 for 6-PFru-2-K. As was the case for the Mono Q step, the recovery of Fru-2,6-P2ase activity from Superose-12 was typically nearly 100% versus 40-45% for 6-PFru-2-K. Significantly, results similar to those above were obtained after the inclusion of additional protectants in the extraction bufferleupeptin (1 paM), pepstatin (1 PuM), and EDTA (1 mM).
6-PFru-2-K and Fru-2,6-P2ase from lettuce leaves were subjected to the same purification procedure described above. As with spinach, fractions were obtained from the Mono Q column, which contained exclusively 6-PFru-2-K or Fru-2,6-P2ase with no detectable cross-contamination. This finding provides strong evidence that the separation of the two activities is not a feature unique to spinach. The 6-PFru-2-K from lettuce differed from that of spinach in its considerably lower apparent molecular weight that was close, but not equal, to that of the Fru-2,6-P2ase (respective M, values of 85,000 and 107,000 for the activities from lettuce).
The apparent molecular weight of 400,000 for spinach leaf 6-PFru-2-K seems to be unique. Bifunctional 6-PFru-2-K/Fru-2,6-P2ase from liver shows a Mr of =110,000 (12) (13) (14) (15) , and the 6-PFru-2-K recently reported from heart muscle shows a Mr value of 97,000 (20) .
Properties of Fru-2,6-P2ase. After its separation from 6-PFru-2-K, Fru-2,6-P2ase activity was characterized by using the spectrophotometric assay in which Fru-6-P formation is measured with a physiological concentration of Fru-2,6-P2 (10 MLM). Activity was dependent on Fru-2,6-P2, NADP, and coupling enzymes and was abolished by preincubation of the Fru-2,6-P2 substrate with 0.1 M HCl for 20 min at 30'C or by heating the enzyme preparation at 1000C for 3 min. The enzyme, which was recovered mainly (>95%) in the nonparticulate fraction of spinach leaves, was specific for Fru-2,6-P2. There was no detectable activity with fructose 1,6-P2 or glucose 1,6-P2, two substrates that were partially active with leaf preparations described earlier (5, 7). In related experiments, we detected no release of Pi from 1 mM Fru-6-P, glucose 6-phosphate, 3-phosphoglycerate, or phosphoenolpyruvate. These assays were capable of detecting <2% of the activity observed with Fru-2,6-P2 as substrate. At high (1 mM) concentrations of PPi, the Mono Q preparation did show some Mg2+-dependent pyrophosphatase and ATPase activities, but these were removed by Superose-12 gel filtration. As found with earlier preparations (5), the activity of Fru-2,6-P2ase separated from 6-PFru-2-K in the current study was unaffected by a protein phosphorylation system (ATP, 0.1-1.0 mM; MgCl2, 0-5 mM; and beef heart protein kinase catalytic subunit).
In addition to being highly specific for Fru-2,6-P2 as substrate, a number of characteristics of the isolated Fru-2,6-P2ase differed from those reported earlier (5-7). The enzyfne had a relatively low affinity for Fru-2,6-P2 (Km, 210 x 10-6 M), yet its activity at physiological Fru-2,6-P2 concentrations (assumed here to be 10 ,uM) was 2-3 times that of 6-PFru-2-K and thus adequate to account for observed rates of Fru-2,6-P2 breakdown in vivo (21) . In view of such a high requirement of Fru-2,6-P2 for maximal activity, it would appear that Fru-2,6-P2ase functions at well below substrate saturation in the leaf. A Fru-2,6-P2ase with a similar low affinity for Fru-2,6-P2 (Km, 370 x 10-6 M) has been described for mixed Fru-2,6-P2ase/6-PFru-2-K preparations from castor bean endosperm (9) . Pi, a known inhibitor of plant Fru-2,6-P2ases, was a much stronger inhibitor of the spinach leaf enzyme than reported (6) . For example, Fru-2,6-P2ase activity was >50% inhibited by 1 mM Pi at 10 ,uM Fru-2,6-P2 (vs. 30 mM Pi required to produce the same inhibition under otherwise similar conditions in ref. 6 ). This inhibition was not significantly altered by varying the Fru-2,6-P2 concentration (2-100 ,uM).
Spinach leaf Fru-2,6-P2ase activity was also strongly inhibited by MgCl2 (Fig. 5 )-a property unusual for a phosphatase enzyme (50% inhibition at 2 mM MgCl2). As shown in Fig. 6 , the presence of MgCl2 induced a sigmoidal response, so that at physiological concentrations of Fru-2,6-P2 (e.g., 2-25 ,uM), inhibition was particularly strong. These findings contrast with earlier observations, made with the enzyme prepared in the absence of protectants, that Fru-2,6-P2ase activity was unaffected by MgCl2 (5). We observed considerable inhibition with ZnCl2 and, in agreement with the earlier report, with MnCl2 (5) . That the divalent cation was the active inhibitory component of these salts was evidenced by the finding that MgSO4 was as effective an inhibitor as MgCl2, while KCl and NaCl were without effect.
A number of metabolites were found to relieve the inhibition of Fru-2,6-P2ase activity by MgCl2. At concentrations up to 2 mM, PPi, ATP, UTP, and 3-phosphoglycerate all enhanced activity up to 2-fold when Fru-2,6-P2ase was assayed in the presence of 2.5 mM MgCl2 but had no effect in the absence of MgCl2. A similar enhancement was observed with 2 mM EDTA, suggesting that these phosphorylated metabolites acted through complexing with Mg2+, thereby leading to deinhibition.
At this point, it is difficult to assess the importance of Mg2' in regulating Fru-2,6-P2ase. While free Mg2+ undoubtedly occurs with the enzyme in the leaf cytosol, it is not known whether its level changes, for example, as a function of sucrose or Fru-2,6-P2 status. A change of this nature would be required for Mg2+ to function in controlling Fru-2,6-P2 content through inhibition of Fru-2,6-P2ase or activation of 6-PFru-2-K, where Mg2+ serves as an essential cofactor (4).
Clarification of a role for Mg2+ in governing the content of Fru-2,6-P2 in leaves must, therefore, await further experimentation. The Fru-2,6-P2ase isolated from lettuce leaves was found to have properties strikingly similar to the spinach leaf enzyme-namely, a relatively low affinity for Fru-2,6-P2 and strong inhibition by Mg2+ and Pi. Properties of 6-PFru-2-K. The isolated spinach leaf 6-PFru-2-K had properties generally similar to those reported earlier (4, 6) in that activity was stimulated by Pi and inhibited both by 3-phosphoglycerate (in the presence and absence of Pi) and by dihydroxyacetone phosphate (only in the presence of Po). As a part of these studies, we tested the effect of PPi and found it to be a relatively strong inhibitor of 6-PFru-2-K. As shown in Fig. 7 , PPi induced a sigmoidal response to the substrate ATP, such that concentrations of PPi in the 0.1 mM range produced strong inhibition of 6-PFru-2-K at low (0.2 mM) ATP but only weak inhibition at high (1-2 mM) ATP. Varying the concentration of Fru-6-P, the other substrate, or of Mg2", the cofactor, had no effect on the inhibition by PPi.
These results suggest that inhibition by PPi was not due to the formation of a Mg-PPi complex. The 6-PFru-2-K isolated from lettuce leaves was also strongly inhibited by PPi. As there is no information on the concentration of PPi in leaf tissue, the physiological significance of the PPi inhibition is difficult to assess at the present time. Significantly, as found with earlier preparations (4), 6-PFru-2-K resembled the Fru-2,6-P2ase described above in being unaffected by a beef heart protein kinase phosphorylation system.
CONCLUDING REMARKS
The present results provide evidence that, in spinach and lettuce leaves, the major extractable enzyme catalyzing the hydrolysis of Fru-2,6-P2 (Fru-2,6-P2ase) resides on a protein distinct from that catalyzing the synthesis of Fru-2,6-P2 (6-PFru-2-K). The extent to which this is a general feature of different plant tissues and of leaves of other types of plants remains to be established. Despite some differences, the separated 6-PFru-2-K and Fru-2,6-P2ase activities resembled earlier mixed preparations made in the absence ofprotectants in being subject to strong metabolite regulation. The metabolites that are potentially important in the regulation of these two activities in leaves are shown in Table 1 . Significantly, although it has no known activator, the Fru-2,6-P2ase enzyme-a newly discovered enzyme probably present in the cytosol-likely has sufficient activity at physiological Fru-2,6-P2 concentrations to function in vivo.
It should be noted that covalent regulation, such as phosphorylation of the type described for bifunctional liver 6-PFru-2-K/Fru-2,6-P2ase (12-15), has been invoked in leaves (2) . The current finding that 6-PFru-2-K and Fru-2,6-P2ase are separate proteins in spinach and lettuce should prompt a reexamination of such a mechanism in plants.
Another point that should be reexamined is whether MgC02,mM
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